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Received 3 May 2007; received in revised form 27 August 2007; accepted 24 September 2007Abstract Male germ-line stem cells (GSCs) and their niche-the apical cells or hub cells-display a unique feature at the apices
of insect testicular follicles. In the locust, Locusta migratoria, the niche consists of only one large apical cell surrounded by
about 60 GSCs. The apical cell can be readily identified in the intact follicle. Using laser ablation it is feasible to destroy
the apical cell exclusively without injuring neighboring GSCs or any other cells. The most immediate effect on GSCs is the loss of
their structural polarity. Beginning about 3 h after laser treatment chromatin starts to clump and condense in individual
GSCs, and some show the first signs of cellular breakdown. These symptoms intensify during the 96-h observation period after
laser ablation of the apical cell. TUNEL staining and electron microscopic observations confirm an apoptotic cell death of the
GSCs. Laser ablation of individual GSCs had no effect on neighboring GSCs or the apical cell. Destroyed apical cells were not
replaced during the observation period. Mitotic divisions of GSCs ceased after about 24 h after apical cell ablation. It is
speculated that it might be a general principle in stem cell-niche relationships that stem cells undergo apoptosis when the
niche is dysfunctional. This could be a control mechanism to prevent tumor growth of orphaned GSCs.
© 2007 Elsevier B.V. All rights reserved.Introduction
The hypothesis that the fate of stem cells is supported by
their microenvironment, the niche, was introduced in 1978
by Schofield studying hematopoietic stem cells (Schofield,
1978). It was, however, the research on the germ-line stem
cells (GSCs) in Drosophila melanogaster that advanced the
niche theory considerably (Lin, 2002). Today it seems
probable that all postembryonic/adult stem cells reside in
a specific niche. Because of its fundamental importance and
its supposed involvement in severe human diseases when⁎ Corresponding authors. A. Dorn is to be contacted at fax: +49
6131 3923840. D.C. Dorn, fax: +1 212 7173618.
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doi:10.1016/j.scr.2007.09.005disturbed (cf. Reya and Clevers, 2005; Scadden, 2006), the
niche-stem cell relationship has been the subject of intense
research. But locating and identifying stem-cell niches in
mammals and humans have been difficult owing to their
extremely complex anatomical structures (Li and Xie, 2005).
As a result, it seems rather challenging to eliminate the
niches to uncover their impact on the respective stem cells.
The “simplest” niche described so far can be found in the
testis follicles of some insects. In locusts and moths, it
consists of a single, large, star-shaped cell, the apical cell
(homologous to the hub cells in Drosophila), around which
the GSCs are arranged like a rosette (Szöllösi, 1982).
Whereas Drosophila represents a powerful model for study-
ing the molecular genetics of the signaling interactions
between GSCs and the niche, the anatomical structure of the
testis follicles of the locust (Locusta migratoria) allows
microchirurgical operations in vivo..
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interacting partners is to eliminate one partner and to
examine the behavior of the remaining one. In Drosophila, it
was demonstrated that the somatic testicular tissues,
including the hub cells, differentiate in the absence of
GSCs, which either were experimentally destroyed early in
embryogenesis or were lacking in mutants (Aboïm, 1945;
Gönczy et al., 1992). It was also observed that in Drosophila
with agametic testes the hub cells reentered the cell cycle
and expanded their cell number-indicating that GSCs have
effects on their niche (Gönczy and Di Nardo, 1996). The
counter experiment, ablation of the male GSC niche, has (to
our knowledge) not yet been successfully performed. But
the loss of a niche (by illness or genetical defects) could
cause tumorous growth of stem cells, the inability to
maintain regenerative processes and tissue homeostasis, or
other dysfunctions (cf. Blanpain and Fuchs, 2006; Li and Xie,
2005; Dirks, 2006).
Signals from hub cells to GSCs are starting to be
elucidated and their signaling pathways intensely explored
by forward and reverse genetical studies (for reviews: Xie et
al., 2005; Li and Xie, 2005). The consequences of a complete
loss of the niche are, however, not known. L. migratoria
offers the unique opportunity to eliminate the niche in living
testis follicles by laser without injuring the surrounding GSCs
and the cyst progenitor cells. This is possible because of the
transparency of the follicle envelope and the extraordinary
size of the niche cell, which can be easily identified under
the dissecting microscope.Results
Organization of the apex of a testis follicle
The paired testes are each composed of 150 to 200 individual
follicles, which show an organization identical to that
previously described by Szöllösi and Marcaillou (1977) and
Szöllösi (1982), among others. The transparency of the
follicles allows the identification of the major cellular
components of the apices in the intact follicle, in particular
the GSCs and their niche, i.e., the apical cell. Fig. 1a
demonstrates a follicular apex as seen under the dissecting
microscope. The voluminous apical cell with its large round
nucleus and granular cytoplasm is clearly distinguishable in
the midst of a garland of GSCs together forming the apical
complex. Also individual GSCs can be identified when brought
into focus (Fig. 1c). The longitudinal section through a follicle
(Fig. 1b) depicts-in addition to the apical complex- the
arrangement of cyst progenitor cells (CPCs), newly formed
and developing cysts. Cysts form lateral to the apical com-
plex, whereas a complex layer of CPCs is located beneath the
apical complex (Figs. 1b and 2a).
Fine structural observations reveal that the conspicuous
granules in the apical cell represent mainly mitochondria
and, to a lesser degree, lysosomal bodies (Fig. 2a). A typical
feature of apical cells is the inclusion of one or two vacuoles
containing remnants of phagocytized cells, presumably GSCs.
It should be noted that degeneration of GSCs, CPCs, or cysts is
rare in L. migratoria, in contrast to some other insect testes,
i.e., Oncopeltus fasciatus (Schmidt et al., 2001) and Atro-
phaneura alcinous (Kubo-Irie et al., 1999). The apical cellprojects cytoplasmic processes, which contain prominent,
sparsely granulated endoplasmic reticulum (Fig. 2b),
between the surrounding GSCs (Fig. 2a). The GSCs are
typically pear-shaped, the slender portion being directed
toward the apical cell (Fig. 2a). The nuclei of the GSCs are
large and extremely irregularly delineated. Neighboring GSCs
are often connected by intercellular bridges. Pairs of GSCs
sometimes contain nuclei whose chromosomes are con-
densed, indicating that mitosis of a GSC has just taken
place (Fig. 2a). GSCs and apical cells occasionally form close
cell-cell contacts that are characterized by the absence of
intercellular space (Fig. 2b).
CPCs are located at the periphery of the apical complex. A
clear assignment of an individual CPC to a distinct GSC is not
possible. Projections of CPCs extend between the GSCs and
often reach the processes of the apical cell. CPCs amass
below the apical complex (Fig. 2a).
The follicle envelope is formed by a single-layered
squamous epithelium whose cells and nuclei are very large
and flat (Fig. 2a).
Effect of laser ablation of the apical cell on the
apical complex
Fig. 1c shows an apical complex immediately before laser
treatment. The apical cell and its nucleus are clearly
distinguishable. The laser beam was aimed at the nucleus
of the apical cells if not otherwise indicated. The impact of
the laser beam can be directly monitored: the nucleus, and
frequently the whole cell, contracts instantly, which then
somewhat obscures the image of the cell (Fig. 1d).
Histological analysis of follicles immediately after laser
treatment revealed that either the nucleus was heavily
damaged or the nucleus was less injured but the apical cell
had strongly contracted (compare Figs. 1d′ and 1d″ with
untreated specimen 1c′). In the first case, the nucleus has
condensed and the chromatin is therefore strongly stainable.
In the second case, the apical cell has withdrawn its
processes from the GSCs and rounded off, and “empty”
spaces have appeared between the GSCs (Fig. 1d"). There
was no indication that laser treatment affected GSCs
directly.
An apical complex of a young adult male is on average
composed of 59 (59.13±5.27) GSCs. Although degenerative
processes of GSCs start rapidly after laser ablation of the
apical cell, remnants of these GSCs can still be recognized
96 h after the treatment. Fig. 3a shows a slight increase in
GSCs between 9 and 24 h after laser ablation of apical cells
but not in 24-h-old controls. It should be noted that mitoses
of GSCs can be observed until 24 h after laser ablation of the
apical cell. Thereafter, there is no significant difference in
the number of GSCs between treated and control apical
complexes until the end of the incubation period (96 h after
laser treatment). This indicates that degenerating GSCs are
not (or are only to a small degree) phagocytized by other
GSCs or the surrounding CPCs during this period. In controls,
degeneration of GSCs is very rare (Figs. 3a–3c).
The effects of laser ablation of the apical cell on the
apical complex were histologically examined 3, 6, 9, 12, 18,
24, 36, 48, and 96 h after the treatment. The most obvious
effects on GSCs were condensation of chromatin (apart from
mitotic stages) and degeneration of the whole cell, which
Figure 1 Apices of testicular follicles. (a) Living follicle as seen under the dissecting microscope. Arrow points to the apical cell.
Note the granulation of its cytoplasm and the globular nucleus. Bar, 36.5 μm. (b) Light micrograph. Median longitudinal section of a
follicle. Large arrow points to the apical cell. Asterisks mark GSCs surrounding the apical cell. Small arrow points to a gonioblast.
Arrowheads indicate young cysts. pCPC, peripheral cyst progenitor cells; lCPC, layer of cyst progenitor cells below the apical complex.
(c–d′) Light micrographs. Follicular apices before and after laser treatment of apical cell. (c and d) Living follicles; (c′, d′, and d″)
histological preparations. Bar, 20 μm. (c) Follicular apex immediately before laser treatment. Arrow points to the apical cell; asterisks
mark GSCs. (d) Same follicular apex as in (c) -immediately after laser treatment. Note that the apical cell is no longer in focus. This is
due to its shrinkage during laser destruction. (c′) Follicular apex of an untreated specimen of the same age as in (c). Arrow points to
the apical cell; asterisks mark GSCs; arrowheads point to newly formed cysts. (d′) Follicular apex of a specimen sacrificed immediately
after laser treatment. Note that the nucleus of the apical cell (arrow) has collapsed and its chromatin condensed. Arrowhead points to
a phagosome (presumably phagocytized GSC) in the apical cell. (d″) Follicular apex of a specimen sacrificed immediately after laser
treatment. The nucleus of the apical cell (arrow) appears to be intact, but the cell has rounded off and retracted its projections from
the GSCs leaving “empty” spaces (arrowheads).
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integrity. Fig. 3b shows the decrease in intact GSCs in treated
specimens, whereas intact GSCs remain constant in controls.
Both chromatin condensation and cell lysis increase in GSCs
of treated specimens (Fig. 3c).
In detail (Figs. 3 and 4a–4i): Three hours after laser
ablation of the apical cell about 70% of the GSCs have lost
their polar, pear-shaped form and become rounded off. About
12% have condensed chromatin and about 5% of these showadditional signs of cell damage (Figs. 3b and 3c). The overall
appearance of GSCs, however, is to a large extent undisturbed
(Fig. 4a). Further findings include mitoses of GSCs (not
shown). Observations 3 h after laser treatment include more
extensively contracted apical cells (compare Fig. 4a with Fig.
1d′), disintegrated cytoplasm after cell lysis, and condensed
nuclear chromatin of the apical cells (Fig. 4a).
Six hours after laser ablation chromatin condensation in
GSCs has slightly increased compared to the situation at the
Figure 2 Electron micrographs. (a) Median longitudinal sec-
tion of a follicular apex. The nucleus of the apical cell (NAC)
shows little heterochromatin. Cell projections (asterisks) reach
deeply between the GSCs (GSC) and include sparsely granulated
endoplasmic reticulum. The perinuclear cytoplasm of the apical
cell contains numerous electron-dense granules representing
mitochondria and lysosomal bodies. Arrowhead points to a
phagocytotic vacuole, which presumably contains remnants of a
phagocytized GSC. Nuclei of GSCs exhibit extremely irregular
profiles. Two GSCs (upper part of the micrograph) have
apparently just divided: their chromosomes are still condensed.
Arrow points to an intercellular bridge of two GSCs (one of which
is only marginally cut). CPC, cyst progenitor cell. Note that there
is an aggregation of CPC-like cells below the apical complex
(lower part of the micrograph). FE, follicle envelope. Bar, 20 μm.
(b) Border zone between GSC and projection of apical cell (AC).
The apical cell projection comprises prominent stacks of
sparsely granulated endoplasmic reticulum (asterisks). The
neighboring cell membranes of GSC and apical cell show close
cell–cell contacts (arrows). Bar, 2 μm.
78 J. Zahn et al.3-h stage (Fig. 3c). The degradation process of the apical cell
has progressed (Fig. 4b).
During the hours following laser treatment, the percen-
tage of GSC nuclei that show chromatin condensationincreases strongly (Fig. 3c). It should be pointed out that
there is a great variation between the follicles at a given stage
that can be judged by the SEM in Fig. 3b. Beginning 24 h after
treatment chromatin condensation and degradation of CPCs
(Figs. 4g and 4i) can be observed. Apical cells have completely
disintegrated 48 h after laser treatment. At this stage, the
integrity of the apical complex is largely destroyed, whereas
the surrounding cells-most of the CPCs, young as well as
developing cysts-appear fully intact (Figs. 4h and 4i).
Completely untreated follicles and follicles in which basal
parts were treated with laser beam served as controls. In
both cases, the apical complexes remained intact during the
whole incubation period (Fig. 4j). The ablation of a single
GSC of an apical complex harmed neither the other GSCs of
the complex nor the apical cell (Figs. 4k and 4l).
Examination of the death of GSCs by electron
microscopy and apoptosis marker (TUNEL)
Apical complexes were fine-structurally examined 24 h after
laser ablation of the apical cell. Fig. 5a pictures part of an
apical complex in which the nuclei of several GSCs exhibit
strong chromatin condensation. The cytoplasm has vesicu-
lated, and the cells have shrunken considerably. This can be
judged from the locations of the nuclei, which are much
closer together than in intact apical complexes. The cells
include, despite the strong vesiculation of their cytoplasm,
largely intact mitochondria (Fig. 5b). Thus, the fine structure
of these GSCs reveals typical signs of apoptosis.
Apoptosis was evaluated 12 and 24 h after laser ablation
of the apical cell by TUNEL staining. The apical complex of
the specimen shown in Fig. 6a includes four GSCs with
marked nuclei. The specimen shown in Fig. 6b includes many
marked nuclei; several of them belong to GSCs, others to
CPCs. The TUNEL marking corresponds to chromatin con-
densation, which was quantitatively studied in azan-stained
histological preparations (Fig. 3c).
Discussion
On the function of the apical cell in insects other
than D. melanogaster
There has been one previous attempt in an insect to eli-
minate the apical cell to study its role. In the lepidopteran
Euproctis chrysorrhea, Leclercq-Smekens (1978) destroyed
the apical cell by electrodesiccation with a platinum
electrode. The procedure included the isolation of testis
follicles from a donor, destruction of the apical cell by
dehydration, and implantation of the manipulated follicle
into a larval host. The implanted treated follicles were
recovered after the imaginal molt of the host, which is
considerably long after elimination of the apical cell. From
evaluations of the histological preparations of the experi-
mental follicles the author concluded that destruction of the
apical cell inhibits spermatogenesis. However, the fates of
the implanted follicles varied widely, from an arrest of
spermatogenesis up to the complete decomposition of the
follicle interior. Obviously, the elapsed time from treatment
until examination was too long to study direct effects caused
by the loss of the apical cell on GSCs and spermatogenic
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tion has not been realized so far and needs to await further
technical improvement. The precision of laser microdissec-
tion has advanced considerably, and with this technique
microsurgery can now be performed at the level of
chromosomes (Schütze and Lahr, 1999).
Several functions have recently been ascribed to the apical
cell. Whereas early on investigators proposed a regulatory
function of apical cells by interaction with GSCs, the
traditional view has favored a nutritive role of apical cells
for the developing spermatogonia (Schmidt and Dorn, 2004,
for review). In the locust L. migratoria and the moth E.
chrysorrhea, the apical cells contain large amounts of smooth
or sparsely granulated endoplasmic reticulum (Szöllösi and
Marcaillou, 1979; Leclercq-Smekens, 1978). Based on this
observation it was speculated that (in the moth) the apical
cell might produce and secrete a steroid that affects
spermatogenesis or that (in the locust) the apical cell might
synthesize a lipid, presumably juvenile hormone, that
regulates spermatogenesis. Until now, none of these spec-
ulations have been verified. Strong indications for a role of
ecdysteroids in spermatogenesis come from the observation
that ecdysteroid synthesis takes place in the inner layer of
testis sheaths of several lepidopterans and the testes of a
grasshopper (Loeb et al., 1982, 1988; Gelman et al., 1989;
Jarvis et al., 1994; Gillott and Ismail, 1995). But still, the
functional significance of such a hormonal signal is not
understood. In the cyst cells of the glowworm, Lampyris
noctiluca, smooth endoplasmic reticulum is extremely pro-
minent and the possibility of ecdysteroid production and its
possible influence on early developmental stages of sperma-
togenesis are being discussed (Balles et al., 2002). Detailed
knowledge on the interactions between GSCs, their niche,
and CPCs has come from recent studies on D. melanogaster.
Relationships and signaling between the
components of the apical complex, especially the
GSCs and their niche
In the following a brief overview of known interactions
between GSCs, their niche, and CPCs is laid out to facilitate
the implications of our results.
According to studies on D. melanogaster, the niche (i.e.,
the hub cells) interacts with GSCs in several ways:The niche upholds the stemness of GSCs
Adherens junctions in D. melanogaster (Yamashita et al.,
2003), and probably the close cell-cell contacts in L.
migratoria (Fig. 2b), anchor the GSCs firmly to their niche.
When GSCs divide in D. melanogaster, this (at least in the
adult) is always an asymmetric division, with one daughter
cell remaining in contact with the niche, whereas the other
daughter cell is directed away from the apical complex. Only
the latter develops into a gonioblast and enters into
spermatogenesis, whereas the other cell remains a GSC.
Adherens junctions play an apparently crucial role in the
positioning of the spindle and consequently in the main-
tenance of stem cell identity (Yamashita et al., 2003, 2007;
Song and Xie, 2002). In L. migratoria the mitotic spindles of
GSCs and the intercellular bridges between the daughters
(which are conceivably at the stage of cytokinesis) weremostly oriented perpendicular to the apical cell so that the
two daughter cells remained in contact with the apical cell
(present observation and Szöllösi and Marcaillou, 1979). The
intercellular bridges must have eventually become cut since
they were not present in most GSCs in interphase. The
occurrence of symmetric GSC divisions (i.e., both daughters
contact the niche) in adult L. migratoria is in contrast with
the findings in adult D. melanogaster in which only
asymmetric divisions were observed. It is, however, not
clear whether both daughters of a GSC in L. migratoria are
also physiologically symmetric. So far, the mode of gonio-
blast differentiation has not been elucidated, and the
occasional occurrence of asymmetric divisions cannot be
ruled out (Szöllösi and Marcaillou, 1979). The available data
suggest, however, that a different mode of gonioblast
determination in L. migratoria and D. melanogaster might
exist. In the present study we wanted to examine whether
GSCs lose their stemness and undergo differentiation as do
GSCs in D. melanogaster upon inactivation of signaling from
the hub cells (Kiger et al., 2001; Tulina and Matunis, 2001;
Brawley and Matunis, 2004). Laser ablation of the apical cells
in L. migratoria showed that this does not induce GSC
differentiation but elicits apoptosis (see below).
The niche regulates GSC self-renewal and proliferation
Principally, there are two possibilities for how a stem cell
may divide: it can undergo either a symmetric division
resulting in two GSCs (thereby increasing the stem cell
population) or an asymmetric division generating a gonio-
blast (as described above). Only asymmetric divisions were
observed in adult D. melanogaster. In newly hatched larvae
of O. fasciatus only few GSCs surround the niche and until
the end of the second larval stage only symmetric divisions
occur, which strongly increase the GSC population (Schmidt
and Dorn, 2004). It is uncertain whether symmetric and
asymmetric division occur side by side in this species. GSCs
may compete for niche contacts, and the availability of niche
space directs the type of division. In any case, the rate of GSC
division must be tightly controlled. It has to be ensured that
on the one hand sufficient spermatozoa are produced and on
the other an overproduction of GSCs or gonioblasts that could
provoke tumorous growth is prevented. In D. melanogaster
two pathways are reportedly involved in GSC self-renewal:
(1) The hub cells generate the Upd signal that activates the
JAK-STAT pathway in GSCs and promotes their self-renewal
(Kiger et al., 2001; Tulina and Matunis, 2001) and (2) the hub
cells also generate the Dpp/Gbb signal of the BMP pathway,
which may play a permissive role in controlling male GSC
self-renewal (Kawase et al., 2004; Shivdasani and Ingham,
2003; Schulz et al., 2004; Li and Xie, 2005). (Interestingly,
the activation of JAK-STAT signaling can also reprogram
mitotic germ cysts into GSCs (Brawley and Matunis, 2004).) In
addition to GSC self-renewal the niche might also regulate
GSC proliferation, at least in some systems. Since prolifera-
tion can often be induced, e.g., in tissue culture, this feature
suggests that the niche′s microenvironment is proliferation
inhibitory (Fuchs et al., 2004). This, however, was not
corroborated by the ablation of the apical cell in L.
migratoria: GSCs showed no accelerated mitotic activity.
Whereas a few GSC divisions occurred until 24 h after
ablation (at a rate as in controls), the majority of GSCs
entered apoptosis.
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It has been reported that isolated murine male germ cells in
culture are incapable of survival past 24 h and undergo
apoptosis. But when cocultured with Sertoli cells or in the
presence of a Sertoli cell product (a putative “stem cell
factor”) germ cells survive up to 8 days in vitro and apoptosis
is prevented (Mruk and Cheng, 2004). Programmed death of
spermatogonia is very prominent also in healthy testes.
Apoptosis of surplus spermatogonia at different stages is
probably part of a regulatory mechanism that ensures an evendistribution of spermatocytes in seminiferous tubules of
mouse testis (de Rooij, 2001). In the bug O. fasciatus many
apoptotic germ cells occur regularly below the apical
complex. These represent presumably gonioblasts that failed
to become ensheathed by CPCs (Schmidt et al., 2001). In D.
melanogaster, the BMP pathway, which plays a role in
maintenance of stem cell properties, self-renewal, prolifera-
tion potential, and blocking of differentiation of GSCs, may
also inhibit apoptosis of GSCs (Zhang and Li, 2005). This is
supported by the observation that ectopic Dpp expression
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the testis (Bunt and Hime, 2004). These clusters appeared to
be proliferating stem cells that had left the stem-cell niche
and were growing as germ cell tumors well away from the
normal stem-cell niche. According to a (still putative) function
of the niche in blocking apoptosis, the laser ablation of the
apical cell in L. migratoria could elicit apoptosis in the GSCs.
Can the GSC niche regenerate?
This seems to be the case in mammals. Crypts in the intestine
increase in number from newborn to adult stages. The niches
usually multiply by branching (Bjerknes et al., 1997). And also
de novomorphogenesis of niches has been observed: new hair
follicles form in adult skin of mice when Wnt signaling is
upregulated (Gat et al., 1998). The number of hematopoietic
stem cells is controlled by an interaction, mediated by BMP
signaling, that regulates the niche site (Zhang et al., 2003). In
the ovary of D. melanogaster an excess of Hh signaling
expands the size of the SSC (somatic stem cells or CPCs) niche
(Zhang and Kalderon, 2001). In the testes of D. melanogaster
an interesting interaction between GSCs, their niche (the hub
cells), and the SSCs has been described (Gönczy and DiNardo,
1996). Two SSCs are associated with one GSC and divide
asymmetrically when the GSC divides, resulting in a gonio-
blast surrounded by two cyst cells, which withdraw from the
cell cycle. However, after genetical ablation of GSCs, the
SSCs continue to proliferate and cells from the cyst lineage
switch to the hub cell fate. In addition, in the absence of GSCs
the hub cells, which normally do not divide, reenter the cell
cycle and expand their number (Gönczy and DiNardo, 1996).
The testicular follicles of L.migratoria contain only one niche
cell (apical cell) each. Thus, after laser ablation of the apical
cell, only CPCs could be the source for niche regeneration,
since it seems unlikely that GSCs can adopt niche fate. Unlike
in D. melanogaster, not all CPCs are associated with GSCs:
there is a cluster of CPCs below the apical rosette (Fig. 2a)
from which cells could move into the apical rosette and
regenerate the niche.
Insights from the present findings
The impact of the laser treatment on the apical cell in L.
migratoria was immediate and easy to observe under the
microscope. Most commonly, the nucleus burst or collapsed,
and frequently the whole cell shrunk. This had direct
consequences on the GSCs, which lost their polar, pear-
shaped form and became round. Whereas the apical cell
progressively degrades during the following hours, the GSCs
appear largely unharmed and some still undergo mitoses
until 24 h after laser treatment. During this period theFigure 3 (a) Number of GSCs per apical complex after laser abla
control specimens were incubated at the same time as follicles of ex
in the case of experimental specimens, and the beginning of follicle
indicate SEM. There is a significant increase in GSCs per apical com
*pb0.05; **pb0.01. Number of GSCs per apical complex is not signific
between controls and treated specimens after 24 h of incubation. C
L18 h, n=11; C24 h, n=8; L24 h, n=7; L36 h, n=11; C48 h, n=8; L48
per apical complex. L, experimental specimens (laser ablation of ap
(incubation of follicles at 0 h). Bars indicate SEM. There is a significa
GSCs remain constant in controls. (See legend to (a) for further de
column) and/or signs of cell lysis in addition (black part of column).number of GSCs increased slightly in treated apical com-
plexes. This might indicate that-although mitoses occur-
daughter cells do not leave the apical complex. Chromatin
condensation was a first sign of initiated cell death in GSCs. It
increased remarkably between 6, 12, and 24 h after
treatment and continued thereafter (Fig. 3c). The TUNEL
staining confirmed the onset of apoptotic processes in GSCs
(Fig. 6), which was also supported by electron microscopic
findings (Fig. 5). CPCs were seen to enter apoptosis after the
death of GSCs occurred, but to a much lesser degree. During
the whole time of observation (96 h) an increase in cell death
was observed only in the apical complex. Cysts of all
developmental stages, and the CPCs below the apical
complex, remained intact. In control experiments the laser
treatment of a single GSC within an apical complex killed
only the injured GSC and did not affect the neighboring GSCs,
the apical cell, or the CPCs. A replacement of the destroyed
apical cell by a CPC or any other cell never occurred.
We conclude that the breakdown of the apical cell induces
the apoptotic death of GSCs. We hypothesize two possibi-
lities as to how apoptosis is initiated: (1) The intact apical
cell sends a signal to the GSCs that blocks a prevalent suicidal
program. (2) The disrupted and dying apical cell releases a
death signal to the GSCs, which in its absence would continue
to proliferate. Although the latter possibility cannot be ruled
out, we favor the proposition that the niche (i.e., apical cell)
in the testes of L. migratoria possesses a function that
overrides a death signal to maintain GSCs by blocking a
pending death program in these cells that takes its course
when the niche gets disrupted.
It might be a general principle in stem cell-niche relation-
ships that niches actively suppress apoptosis in associated
stem cells and that stem cells inevitably undergo apoptosis
when the inhibitory signal from the niche fades. This would
prevent uncontrolled growth of stem cells that escaped their
niche or after breakdown of the niche caused by illness. It can
be speculated that the dysfunction of apoptosis induction in
displaced stem cells may be a crucial step toward the
development of a cancer stem cell.
Materials and methods
Rearing conditions
L. migratoria mirgratorioides (R&F) were reared under
crowded conditions at 30 °C, at a photoperiod of 12 h, and
a relative humidity between 35 and 65%. The locusts were
fed daily with fresh grass supplemented with wheat bran.
The test animals were adult males, 2 or 3 days of age.tion of apical cell (L) and in untreated controls (C). Follicles of
perimental specimens. 0 h indicates the time of laser treatment,
incubation for both experimental specimens and controls. Bars
plex from 9 to 24 h compared to C 0 and C 24 h. Significance:
antly different between controls throughout incubation time and
0 h, n=14; L3 h, n=13; L6 h, n=21; L9 h, n=19; L12 h, n=17;
h, n=3; C72 h, n=4; L96 h, n=3. (b) Percentage of intact GSCs
ical cell and incubation of follicles at 0 h); C, untreated controls
nt decrease in intact GSCs in treated specimens, whereas intact
tails.) (c) GSCs whose nuclei show condensed chromatin (whole
(See legend to (a) for further details.)
Figure 4 Light micrographs. Follicular apices. (a–i) 3, 6, 9, 12, 18, 24, 36, 48, and 96 h after laser ablation of apical cell. Bar, 20 μm.
(a) The apical cell (arrow) has shrunk considerably and the chromatin of its nucleus has condensed. The GSCs appear intact. (b) The
cytoplasm of the apical cell (asterisk) shows signs of lysis. Slight chromatin condensation can be observed in some GSCs (arrowheads).
(c) Lysis of the apical cell (asterisk) and chromatin condensation of GSCs (arrowheads) have increased compared to (b). (d–I) The
processes of apical cell lysis and chromatin condensation of GSCs have intensified. Degeneration of GSCs is visible in (d) (arrowheads).
Degeneration of CPCs (arrowheads) occurs in (g). Note that cysts and cells outside the apical complex appear intact (a–i), whereas the
apical complex itself is largely deranged and/or has degraded. (j–l) Control experiments. (j) 45 h after laser treatment of a cyst in the
basal part of the follicle. The apical complex appears to be intact. Bar, 22 μm. (k and l) 45 h after laser treatment of an individual GSC.
(k) Arrow points to the GSC destroyed by laser beam. All other cells appear to be intact. Asterisk marks the apical cell, which is cut
tangentially and therefore does not show the nucleus. (l) Arrow points to the space where a GSC has been laser ablated. Arrowhead
points to the nucleus of the apical cell. All cells of the apical complex appear to be intact. Bar, 17.5 μm.
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For experiments and controls, testes, or parts of testes, were
isolated under sterile conditions and incubated in culture
medium. The following media were used: Grace insect cell
culture medium, TC 100 insect medium, Schneider′s Droso-phila medium, and Leibovitz′s L-15 medium for orthopterans
(all media were from Invitrogen, Karlsruhe, Germany).
Supplements were heat-inactivated fetal bovine serum
(60 °C for 30 min) (10-20%) (Linaris, Wertheim-Bettingen,
Germany), tryptose phosphate broth (6.7 mg/ml) (Sigma-
Aldrich, Taufkirchen, Germany), and lipid concentrate (0.3%)
Figure 5 Electron micrographs. GSCs 24 h after laser ablation
of apical cell. (a) Nuclei of GSCs exhibit strong chromatin
condensation (asterisks). Note that the cytoplasm is strongly
vesiculated. Due to the shrinkage of the GSCs their nuclei are
closer together than normal. Bar, 5 μm. (b) Part of a dying GSC
with the mitochondria (arrowheads) still intact. Asterisk marks
nucleus with condensed chromatin. Bar, 0.73 μm.
Figure 6 Lightmicrographs of TUNEL-labeled follicular apices.
Cross sections. Bars, 50 μm. (a) 12 h after laser ablation of apical
cell. Arrowheads indicate labeled GSCs. Asterisk marks location
of destroyed apical cell. (b) 24 h after laser ablation of apical
cell. Note that many GSCs and also some CPCs (small nuclei) are
labeled. Asterisk marks location of destroyed apical cell.
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occurrence of mitoses in the apical complex of incubated
follicles at the same rate as in follicles of intact males of the
same age (monitored on serial sections of histological
preparations); (2) cell death at levels comparable to those
of normal follicles (determined by trypan blue); and (3) the
spontaneous contractions of co-incubated vasa efferentia
persist during the incubation period. All tested media
fulfilled these requirements. The incubation medium of
choice for the experiments was Grace′s medium with the
addition of gentamicin sulfate (50 μg/ml) and adjusted to pH
and osmolarity of the locust hemolymph, i.e., pH 7.2 and
380 mOsm, respectively.
Laser ablation
The laser ablation of apical cells was carried out with the
PALM Robot-MicroLaserBeam system (PALM GmbH, Bernried,
Germany) and the assistance of Dr. Friedemann and Dr.Burgemeister in the laboratories of PALM in Bernried. The
system consists of a 337-nm pulsed nitrogen laser coupled to
the epifluorescence path of an inverted microscope (Zeiss
Axiovert 200; Carl Zeiss, Oberkochen, Germany) and focused
through an oil immersion objective with high numerical
aperture to yield a spot size of less than 2 μm in diameter.
The microscope stage, the micromanipulator, and the laser
micromanipulation procedure are computer controlled and
allow object positioning with nanometer precision. The
microscope image is overlaid with the user interface, thus
allowing real-time control of the laser positions on the
screen. The extremely high photon density in the narrow
focus of the pulsed nitrogen laser allows the system to cut or
ablate biological structures. The physical principle of laser
cutting is a locally restricted ablative photodecomposition
process without heating. The energy of 1.5–1.7 μJ/pulse was
used for membrane dissection (Schütze and Lahr, 1999).
For ablation of the apical cell, 10 testicular follicles,
attached to the vas efferens, were placed on a slide in
incubation medium and put under the microscope. In
succession, the nuclear membrane of the apical cell of each
follicle was brought into focus, and small holes were poked or
cut into it, which mostly caused the burst or collapse of the
nucleus and contraction of the whole cell, which could be
easily observed. In some instances, the chromosomes of the
apical cell were cut repeatedly, which likewise led to the
death of the cell. After laser ablation of the apical cells, the
follicles were transferred into new medium in microtiter
plates (24-well multidishes from Nunc,Wiesbaden, Germany)
and incubated at 26 °C. Three different kinds of controls were
carried out. In one series, a single GSC of an apical complex
was ablated instead of the apical cell. All other parameters
were identical to the experimental specimens. In a second
series, the laser beam was directed toward a cyst at the
middle of the follicles, and in a third series, the follicles were
incubated in the wells without prior treatment.
Histological preparation and staining
Follicles were examined histologically immediately after
treatment (0 h) and at 3, 6, 9, 12, 18, 24, 36, 45, 48, 72, and
96 h after incubation. Twenty follicles were fixed at each
stage and prepared for light microscopical observations as
84 J. Zahn et al.follows. The follicles were fixed in aqueous Bouin′s fluid and
embedded in methacrylate. Serial sections of 5 μm thickness
were stained with azan. All procedures were carried out
according to Böck (1989). For electron microscopy follicles
were taken from 2- or 3-days-old males and fixed either
immediately or 12 or 24 h after incubation in medium. The
fixation was performed with 2.5% glutaraldehyde in 0.08 M
cacodylate buffer (pH 7.4) with 0.1 M sucrose for 1 h,
followed by 2% osmium tetroxide in 0.08 M cacodylate buffer
(pH 7.4) for 1 h at room temperature. Then the specimens
were washed in distilled water, dehydrated, and embedded
in araldite. Sections were double-stained in uranyl acetate
and lead citrate.
The TUNEL assay (In Situ Cell Death Detection Kit,
Fluorescein; Boehringer Mannheim, Germany) was used to
identify apoptotic cells in the apical parts of testicular
follicles. Experimental follicles were first subjected to laser
ablation of the apical cell and then incubated for 12 or 24 h as
described above. Controls were incubated without prior laser
treatment. For demonstration of apoptosis, follicles were
fixed with 4% paraformaldehyde in 0.1 M PBS, pH 7.3, for 2 h
and then washed with PBS, embedded in paraffin (after
dehydration), and sliced into 7-μm-thick sections. Hydrated
sectionswere treatedwith protein kinase K (20 μg/ml; Sigma-
Aldrich) for 30 min at 37 °C and washed with 0.1 M PBS. The
specimens were subjected to the TUNEL reaction (60 min at
37 °C) for labeling. After being washed, specimens were
embedded with Antifade (Sigma-Aldrich) and analyzed under
a Zeiss Axioplan fluorescence microscope. Negative controls
were incubated with label solution, without terminal
transferase. For positive controls, cells were treated with
DNase I (Sigma-Aldrich, 1 mg/ml in 0.15 M NaCl, 60 min at
37 °C) to induce strand breaks prior to the TUNEL reaction.
The changes in the apical complex after laser ablation of
the apical cell were quantitatively calculated from azan-
stained serial methacrylate sections made at different
intervals after treatment. To calculate the average number
of GSCs in normal follicles (of adult males, 2 days of age),
serial sections of apical complexes were digitally photo-
graphed and superimposed with the help of a computer
program that enabled the accurate counting of GSCs. Only
cells that directly contacted the apical cell were considered
GSCs. The average number of GSCs per apical complex was
59.13±5.27 (n=14). To simplify the counting procedure, we
compared the accurate, absolute number of GSCs per apical
complex (as obtained by the digital superimposition) with
the total number of GSCs obtained by directly counting the
profiles of all sections. The average number by direct
evaluation of the profiles was 96.93±8.64 GSCs, suggesting
double counting of some GSCs (that appeared on two
consecutive sections), causing an increase in GSC numbers
by the factor of 1.63. We corrected the number of GSCs,
obtained by counting the profiles per section, with the factor
0.61 to obtain accurate numbers. Three to 21 apical
complexes were examined with the simplified method per
time interval.Statistics
SE and SEM were calculated by means of Lotus 1-2-3.
Significance was evaluated by the Student t test.Acknowledgments
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